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Although ultraviolet B (UVB) induces apoptosis and functional perturbations in dendritic cells (DC), for example,
Langerhans cells (LC), it also stimulates some LC into maturation after irradiation in vivo. To analyze its reciprocal
effects on DC, we elucidated the direct effect of UVB on DC in vitro using human monocyte-derived DC (MoDC). UVB
from 50 to 200 J per m2 stimulated the maturation of MoDC with (1) augmented expression of CD86 and HLA-DR, (2)
enhanced production of IL-1b, IL-6, IL-8, and TNF-a at both the mRNA and protein levels, and (3) enhanced allo-
stimulatory capacity on a per-cell basis, whereas the exceeded doses induced apoptotic cell death. Western-blot
analysis of MoDC after UVB demonstrated a concentration-dependent phosphorylation of p38- and c-JUN N-ter-
minal kinase (JNK)-mitogen-activated protein kinases (MAPK), but not that of extracellular signal-regulated kin-
ases. p38 MAPK-inhibitor, SB203580, inhibited both UVB-induced maturation and apoptosis of MoDC. Interestingly,
MoDC that had undergone apoptosis exhibited an augmented expression of HLA-DR without upregulation of CD86
antigen, suggesting their tolerogenic phenotype. Thus, our study revealed a dual effect of UVB, to stimulate
maturation or to induce apoptosis in MoDC, depending on the dosage, via p38 MAPK pathway.
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Ultraviolet B (UVB) irradiation impairs the skin immune sys-
tem both in a local and systemic manner (Morison, 1989). In
terms of the former, UVB abrogates the contact hypersen-
sitivity reaction at the irradiated site (Kelly et al, 2000) and
induces tolerance for the applied antigen (Cooper et al,
1992). UVB penetrates into papillary area of the dermis
(  0.2 mm) and induces DNA damage on residing dendritic
cells (DC), that is, epidermal Langerhans cells (LC) and der-
mal dendritic cells (DDC), as well as keratinocytes (Vink
et al, 1996). When LC were isolated in vitro and irradiated
with UVB, they were perturbed both phenotypically
and functionally (reviewed in (Meunier, 1999)) undergo-
ing apoptosis. Using monocyte-derived dendritic cells
(MoDC), it was demonstrated that activation of caspases
3, 8, and 9 was involved in the apoptotic processes (Nicolo
et al, 2001). Some LC, however, showed maturation when
they were irradiated with UVB in vivo or ex vivo (Laihia
and Jansen, 1997; Nakagawa et al, 1999), but so far the
mechanisms by which DC are activated by UVB have not
been clear.
Mitogen-activated protein kinases (MAPK) are essential
for the signal transduction of a variety of cellular functions in
response to various stimuli. Three major MAPK subfamilies
have been characterized extensively: the p42/44 MAPK, al-
so called extracellular signal-regulated kinases (ERK1/2);
the c-JUN N-terminal kinases (JNK, or stress-activated
protein kinases, SAPK); and the p38 MAPK (Robinson and
Cobb, 1997; Arbabi and Maier, 2002). Recently, MAPK have
been reported to be involved in the maturation of DC. The
maturation of MoDC induced by lipopolysaccharide (LPS),
TNF-a, or haptens causes the phosphorylation of some of
these three MAPK, among which p38 MAPK is responsible
for the upregulation of co-stimulatory molecules and the
allostimulatory capacity (Sato et al, 1999; Ardeshna et al,
2000; Arrighi et al, 2001; Aiba et al, 2003). Concerning the
effects of ultraviolet radiation on MAPK in human skin, it
is demonstrated that UVB activates all these three MAPK
families in keratinocytes both in vivo and in vitro (Peus et al,
1999; Shimizu et al, 1999; Chen et al, 2001; Pfundt et al,
2001), whereas in melanocytes, only p38 and SAPK/JNK
are activated by UVB (Tada et al, 2002). The effects of UVB
on the activation of MAPK in human DC, however, largely
remain unknown.
Therefore, in this study, we examined the mechanisms of
activation or apoptosis of MoDC after UVB irradiation by
focusing on MAPK using specific inhibitors for ERK and p38
MAPK, and clarified the roles played by signal transduction
cascades in the maturation and apoptosis of MoDC.
Abbreviations: DC, dendritic cells; DDC, dermal dendritic cells;
ERK, extracellular signal-regulated kinases; FITC, fluorescein is-
othiocynate; JNK, c-JUN N-terminal kinase; LC, Langerhans cells;
LPS, lipopolysaccharide; MAPK, mitogen-activated protein kin-
ases; MFI, mean fluorescence intensity; MoDC, monocyte-derived
dendritic cells; PI, propidium iodide; UVB, ultraviolet B
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Results
UVB stimulates MoDC to upregulate expression of sev-
eral co-stimulatory molecules First, we examined the ef-
fects of UVB on the expression of various co-stimulatory
molecules and HLA-DR antigen 42 h after irradiation by flow
cytometry. As shown in Fig 1, UVB (100 and 200 J per m2)
upregulated the expression of CD86 and HLA-DR antigen,
and the expression of CD40, CD54, and CD80 was also
augmented by UVB but slightly (100 and 200 J per m2),
whereas the expression of most of these molecules was
downregulated by the higher dose of UVB except for HLA-
DR. LPS also stimulated MoDC to upregulate all these mole-
cules. Interestingly, in contrast to the marked upregulation of
CD83 by LPS, UVB did not augment the expression of CD83
on MoDC. The dose ranges of UVB demonstrating maximal
upregulation of CD86 and HLA-DR antigens varied between
100 and 200 J per m2 depending on each volunteer; in the
results from 11 independent experiments, four showed the
maximal upregulation of CD86 molecules at 100 J per m2,
and seven showed it at 200 J per m2. UVB (up to 50 J per m2)
had little effect on the expression of these molecules (data not
shown). These results demonstrate that 100–200 J per m2 of
UVB irradiation stimulate MoDC to upregulate immuno-
stimulatory molecules, especially CD86 antigen.
UVB irradiation stimulates MoDC to promote mRNA
transcription and protein secretion of pro-inﬂammatory
cytokines Since it was reported that UVB promoted the
production of pro-inflammatory cytokines in human kera-
tinocytes and LC (Takashima and Bergstresser, 1996;
Nakagawa et al, 1999), we next examined the effect of
Figure 1
Moderate doses of UVB exposure stimulate MoDC into their phenotypic maturation. MoDC were prepared from PBMC as described in
Materials and Methods. They were exposed to 50–400 J per m2 of UVB and then cultured for 42 h. As a positive control for maturation, 10 ng per mL
of LPS were added to the culture. They were harvested, stained for cell-surface antigens and analyzed by flow cytometry. Numbers in each profile
represent the mean fluorescence intensities. Results are representative of seven independent experiments. Dotted histograms represent isotype
control.
362 NAKAGAWA ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
UVB on the expression of mRNA and the protein secretion
of pro-inflammatory cytokines by MoDC (Fig 2, Table I). UVB
irradiation increased IL-1b, IL-6, IL-8, IL-12p40, and TNF-a
mRNA expression in a dose-dependent fashion from 0 J per
m2 to moderate doses (200–400 J per m2), and downreg-
ulated IL-1b, IL-6, IL-8 mRNA at higher doses. No clear
effect was seen on the mRNA levels of IL-10 and CD86.
With a moderate dose of UVB, the secretion of IL-1b, IL-6,
IL-8, IL-10, IL-12, and TNF-a protein was augmented, but
the levels of these cytokines were relatively low in compar-
ison with those by LPS stimulation. After a higher dose of
UVB, the secretion of these cytokines was downregula-
ted except for that of IL-1b and TNF-a. These results sug-
gest that an optimal dose of UVB irradiation stimulates
MoDC to upregulate pro-inflammatory cytokines.
100–200J per m2 of UVB augmented the allogeneic T cell
proliferation by MoDC Next we analyzed whether UVB
stimulates MoDC functionally in the context of allogeneic T
cell stimulation. To this end, MoDC were irradiated with
various doses of UVB and incubated overnight. Then, the
surviving DC number was counted by the trypan blue dye-
exclusion test and aliquots of viable MoDC were co-cul-
tured with allogeneic T cells for 96 h (Fig 3). MoDC irradiated
with 100–200 J per m2 of UVB stimulated allogeneic T cells
more vigorously than the unirradiated control cells, although
higher doses of UVB inhibited their ability of stimulating T
cells.
Figure 2
UVB stimulates transcriptional levels of mRNA for pro-inflamma-
tory cytokines. Total RNA was isolated from MoDC 4 h after UVB
irradiation. Real-time PCR analysis was performed according to the
manufacturer’s protocol using the appropriate primers for the cyto-
kines. The detection of the amount of the amplified PCR products in
each PCR cycle was done by a fluorescent TaqMan assay with the
appropriate fluorescent probes. The relative RNA ratio was calculated
as follows: the number of copies of the mRNA of each cytokine divided
by the number of copies of GAPDH-RNA. Data represent one of four
independent experiments.
Table I. Production of proinﬂammatory cytokines by MoDC after UVB irradiation
UVB (J per m2) 0 50 100 200 400 LPS (10 ng per mL)
Exp. 1 IL-1b 6 2.1 o0.5 6.3 15.6 14.1
IL-6 324 657 389 486 174 4229
IL-8 5283 13262 10568 43432 23915 236228
IL-10 158 302 292 179 35.8 4967
IL-12p40 170 211 186 113 17.4 15463
TNF-a 423 404 340 1147 1342 8425
Exp. 2 IL-lb 1.9 0.7 o0.5 3.3 32.4 11.6
IL-6 44.4 80.8 134 694 351 4230
IL8 2226 2072 10167 43047 44258 158207
IL-10 139 242 374 243 58.4 8943
IL-12p40 21.7 33.2 59 102 26.8 8036
TNF-a 91.5 68.5 164 1058 1493 8410
MoDC were prepared from PBMC and were exposed to UVB (50–400 J per m2) or stimulated with 10 ng per mL of LPS as a positive control. 2.0  106
of irradiated MoDCs were cultured for 42 h and the supernatants were stored. The concentration of the cytokines (pg per mL) was measured by ELISA.
Two independent experiments out of four are shown.
Figure3
MoDC irradiated by moderate dose of UVB exhibit higher all-
ostimulatory function than unirradiated MoDC. MoDC were ex-
posed to various doses of UVB and cultured overnight. They were then
harvested and the viable cell number was assessed by the trypan blue
dye-exclusion method. Graded numbers (1000–10,000) of viable MoDC
were cultured in complete medium with 1.0  105 of CD3þ allogeneic
T cells for 96 h. The incorporation of 3H-thymidine, which was present
during the final 18 h of culture, was measured using a liquid scintillation
counter. Data are shown as the meanþSD from triplicate cultures. The
uptake of 3H-TdR in the culture wells of MoDC or T cells alone did not
exceed 170 cpm irrespective of the UVB irradiation in four different
experiments. Representative data from two of four independent ex-
periments are shown (po0.05).
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The activation of p38- and SAPK/JNK-MAPK is observed
in MoDC immediately after UVB irradiation To clarify the
involvement of MAPK in the UVB-induced activation of
MoDC, we first examined the phosphorylation of the three
MAPK, p38, ERK1/2, and SAPK/JNK by western blotting
(Fig 4). Although non-phosphorylated MAPK were detected
at a similar density in all samples regardless of UVB irra-
diation, the amount of phosphorylated p38 and SAPK/JNK
was increased by UVB treatment in a concentration-de-
pendent manner. In contrast, the level of phosphorylated-
ERK1/2 showed little augmentation by UVB irradiation.
The involvement of MAPK both in the UVB-induced
stimulation and the apoptosis of MoDC Next, we exam-
ined the role of MAPK in the UVB-induced activation of
MoDC. The addition of the p38 MAPK inhibitor SB203582 to
the culture significantly inhibited the upregulation of CD86
and HLA-DR that was induced by lower doses of UVB ir-
radiation (50–100 J per m2), but it was less effective with
higher doses (Fig 5). In contrast, treatment with PD98059,
which suppresses ERK1/2 by inhibiting MEK1, rather en-
hanced the levels of these molecules. When the secreted
cytokines in the culture supernatant were measured by
ELISA, SB203580 prevented the production of IL-1b, IL-6,
and IL-8 by UVB (Table II). PD98059 also attenuated the
secretion of these cytokines, especially IL-1b, but its effect
was weaker than that of SB203580. DMSO, as a solvent
control, had little effect on either the UVB-induced upreg-
ulation of co-stimulatory molecules or pro-inflammatory
cytokine production.
It was reported that a high dose of UVB irradiation ef-
ficiently triggered apoptosis in human MoDC (Nicolo et al,
2001), but the role of MAPK in this process has not been
elucidated. To this end, MoDC were irradiated with various
doses of UVB and after 18 h of culture, they were assessed
for the percentages of apoptotic cells in them by examining
annexin V binding using flow cytometry (Fig 6). Without any
inhibitors, UVB dose-dependently increased the percentage
of both apoptotic (annexinVþ /propidium iodide (PI)) cells
and dead (PIþ ) cells. SB203580 significantly suppressed
the UVB-induced apoptotic cell death with the most pro-
nounced effect observed at 100 J per m2. In contrast,
PD98059 did not rescue MoDC from apoptosis but rather
enhanced their death (Fig 6, right column). The threshold
doses of UVB causing significant apoptosis in MoDC
ranged from 50 to 100 J per m2 depending on the individ-
ual (data not shown).
The effect of MAPK inhibitors on the allostimulatory
function of MoDC was examined (Fig 7). The p38 MAPK
inhibitor SB203580 significantly attenuated the enhance-
ment of the allostimulatory effect of MoDC stimulated by
100–200 J per m2 of UVB, whereas PD98059 had little
effect.
To confirm the involvement of p38 MAPK pathways in
both the UVB-mediated stimulation and apoptosis of
MoDC, the effective doses of the p38 MAPK inhibitor
SB203580 were examined. Without irradiation, SB203580
itself had little effect on the apoptosis of MoDC, but it in-
hibited the UVB-induced apoptosis of MoDC at various
dose ranges, although it did not prevent the apoptosis
completely (Fig 8A). Similarly, it reduced UVB-induced up-
regulation of both CD86 and HLA-DR molecules, whereas it
did not affect these molecules by itself (Fig 8B). These ob-
servations indicate that p38 MAPK pathways are involved
in both the activation and at least partly in the apoptosis of
MoDC by UVB.
The relationship between the maturation and the
apoptosis of MoDC stimulated by UVB Since the
above-mentioned data suggested that p38 MAPK was in-
volved in both the UVB-induced maturation and apoptosis
of MoDC, we finally examined whether both events oc-
curred simultaneously in the same cell, or occurred in dif-
ferent cells depending on the dose of UVB. To clarify this
issue, we analyzed annexin V binding and the expression of
CD86 or HLA-DR antigen in UVB-irradiated MoDC simulta-
neously by flow cytometry (Fig 9). Interestingly, up to 100 J
per m2 of UVB irradiation augmented the expression of
CD86 in a concentration-dependent fashion with little
Figure 4
p38 and SAPK/JNK MAP kinase pathways are
immediately activated after UVB irradiation.
MoDC were prepared and irradiated as de-
scribed above. Western-blot analysis of the cell
lysates 15 min after irradiation was performed
with anti-(phospho)-MAPK antibodies, and pos-
itive signals were detected by chemilumines-
cence. Lanes 1: positive controls for phos-
phorylated MAPK; 2: positive controls for non-
phosphorylated MAPK; 3–8: samples irradiated
with 0, 100, 200, 400, 800, or 1600 J per m2 of
UVB, respectively.
Figure5
SB203580 inhibits upregulation of CD86 and HLA-DR molecules on
MoDC after UVB irradiation. MoDC were prepared from PBMC and
pre-incubated with MAPK inhibitor SB203580 (10 mM) or PD98059 (30
mM) for 1 h before UVB irradiation. They were exposed to 50–400 J per
m2 of UVB and then cultured for 42 h. They were harvested, stained for
the above cell-surface antigens and analyzed by flow cytometry. Data
were expressed as percentages of the MFI of the non-treated control.
Each column represents the mean of three independent experiments;
bars, SD (po0.05).
364 NAKAGAWA ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
Table II. Effect of MAPK inhibitors on UVB-induced proinﬂammatory cytokine secretion by MoDC
IL-lb (pg per mL) IL-6 (pg per mL) IL-8 (pg per mL)
UVB (J per m2) 0 50 100 200 0 50 100 200 0 50 100 200
Exp. 1
Non-treated o0.5 o0.5 1.4 6.9 o10 14.8 32.5 32.5 1170 1185 1995 5343
DMSO o0.5 o0.5 1 6.3 o10 23.9 42.2 42.7 678 958 1091 5046
SB203580 o0.5 o0.5 o0.5 2.7 o10 18.5 o10 o10 1884 780 303 1497
PD98059 o0.5 o0.5 o0.5 2.6 o10 o10 11.4 35.6 724 606 677 2759
Exp. 2
Non-treated 0.6 2.1 1.2 9.1 38.8 132 92 73.4 4076 4574 5687 14891
DMSO 0.95 o0.5 1.3 8.2 46.9 32.3 59.8 51.1 4408 2538 6186 13207
SB203580 o0.5 o0.5 0.9 4.2 11.7 16.4 o10 o10 2534 2347 2187 6291
PD9S059 o0.5 0.6 0.5 4 12.7 30.6 23.3 32.9 6424 10381 7738 7838
MoDC were prepared from PBMC and pre-incubated with MAPK inhibitor SB203580 (10 mM) or PD98059 (30 mM) for 1 h before UVB. They were
exposed to UVB (50–400 J per m2) and then cultured for 42 h. Culture supematants were harvested and the concentration of the cytokines was
measured by ELISA. The detection limit of the ELISA of IL-1b, IL-6, or IL-8 was 0.5, 10, 200 pg per mL, respectively.
Figure 6
p38 MAPK inhibitor SB203580 inhibits UVB-
induced apoptosis of MoDC. MoDC were pre-
pared and pre-incubated with MAPK inhibitor
SB203580 (10 mM) or PD98059 (30 mM) for 1 h
before UVB treatment. After irradiation with var-
ious doses of UVB, cells were again cultured
with these agents for 18 h. They were harvested
and stained with FITC-conjugated annexin V in a
buffer containing an optimal Ca2þ concentration
to enable annexin V to keep binding to the cell
membrane. To discriminate between apoptotic
cells and dead cells, propidium iodide (PI) was
added to each sample just before the analysis by
flow cytometry. Results are representative of
three independent experiments.
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induction of apoptosis. On the other hand, higher doses of
UVB downregulated the expression of CD86, whereas it
enhanced the apoptosis of MoDC in a dose-dependent
fashion. In contrast, the expression of HLA-DR remained
high even after high doses of UVB that induced apoptosis in
the irradiated MoDC. These data suggest that the augmen-
tation of CD86 and HLA-DR antigen after UVB irradiation is
differentially affected by UVB irradiation.
Discussion
To confirm the immunostimulatory effects of UVB on DC, in
this study, we treated MoDC with different doses of UVB
and succeeded in demonstrating that a restricted dose
range of UVB (from 50 to 200 J per m2) induced the
phenotypic and functional maturation of MoDC. This is the
first report that demonstrates the activation of MoDC by
UVB. Such activation has been observed in human LC ir-
radiated in vivo or ex vivo (Laihia and Jansen, 1997;
Nakagawa et al, 1999), but not when LC were firstly isolat-
ed and then irradiated in vitro (Weiss et al, 1995; Rattis et al,
1998). These discrepancies might have arisen for several
reasons. The first one is the difference in the isolation and
the culture condition of the DC used in the experiments.
When LC are irradiated in vitro, they must first have suffered
from the procedure of isolation from the epidermis by en-
zyme digestion followed by vigorous mechanical concus-
sion, which might trigger the in vitro-isolated LC into
apoptotic pathways before the exposure to UVB, and once
they enter into apoptosis they do not upregulate co-stimula-
tory molecules such as CD86 (Fig 9). The second reason
may be differences in the phenotypic and functional char-
acteristics between epidermal LC and MoDC. MoDC have
been considered to be an in vitro counterpart to DDC
(Grassi et al, 1998). DC with phenotypic and functional
characteristics similar to those of epidermal LC can be ob-
tained from a culture of CD34þ hematopoietic stem cells
with the combination of GM-CSF plus several other
cytokines, or from a culture of monocytes with GM-CSF
and IL-4, in the presence of TGF-b1 (Strobl et al, 1996;
Geissmann et al, 1998). The former procedure has some
drawbacks such as a poor yield of DC and the induction of
spontaneous maturation. On the other hand, DC obtained
by the latter procedure cannot respond to pro-inflammatory
cytokines such as IL-1b and TNF-a (Geissmann et al, 1999),
which we demonstrated to be produced by the migrating
LC after UVB (Nakagawa et al, 1999). Taken together, al-
though at present our results could not be directly extra-
polated to the behavior of LC, they might be applicable to
the behavior of DDC in vivo after UVB. Further studies are
needed to clarify these issues since there have been no
data concerning the stimulatory effects of UVB on DDC.
When higher dose of UVB was irradiated, apoptosis in-
stead of maturation was induced on MoDC. Thus we ex-
amined which signal transduction pathways stimulated by
UVB mediated the maturation and apoptosis of MoDC. Our
Western-blot analysis demonstrated that UVB preferentially
stimulated p38 MAPK and SAPK/JNK. Through the Western-
blotting analysis and the experiments using a specific
inhibitor for p38 MAPK, we could clarify that both the mat-
uration and apoptosis of MoDC were mediated at least
partly by p38 MAPK. The effect of 200 J per m2 or larger
doses of UVB on CD86 or HLA-DR expression was not
suppressed by 10 mM of SB203580 (Fig 5), although the
effect of doses smaller than 200 J per m2 of UVB was
significantly suppressed by it. The exact reason for this
discrepancy was not clear, but there are at least two pos-
sibilities. The first one is that a much higher concentration of
SB203580 is required to suppress the upregulation of CD86
and HLA-DR induced by high dose of UVB (200 J per m2
and greater). The other possibility is that mechanisms other
than the p38 MAPK pathway exist for the regulation of the
expression of co-stimulatory molecules by UVB, which
might be more dominant when higher doses of UVB were
irradiated.
The role of p38 MAPK in the maturation of MoDC in-
duced by other stimuli, such as LPS or haptens, has already
been reported (Ardeshna et al, 2000; Arrighi et al, 2001;
Puig-Kroger et al, 2001; Aiba et al, 2003). On the other hand,
recent studies have shown a crucial role of SAPK/JNK as
well as p38 MAPK in the activation of p53 by UV radiation
(Bulavin et al, 1999; Huang et al, 1999; Keller et al, 1999;
She et al, 2000; She et al, 2002). Since we detected the
phosphorylation of SAPK/JNK after UVB, this pathway
might also contribute the apoptosis of MoDC induced by
UVB irradiation. Furthermore, it remains to be elucidated
how UVB can induce the maturation or apoptosis depend-
ing on its dose, whereas both are mediated at least partly
through p38 MAPK. In addition, our study also demonstrat-
ed that the inhibition of ERK, which is activated by various
growth factors, decreases the threshold for the induction of
apoptosis. The balance between the preference of p38
MAPK and ERK induced by external stress and growth
Figure 7
SB203580 inhibits enhancement of allostimulatory function of
MoDC induced by moderate dose of UVB. MoDC were prepared
and pre-incubated with MAPK inhibitor SB203580 (10 mM) or PD98059
(30 mM) for 1 h before UVB treatment. After UVB exposure, they were
cultured overnight in the presence of each reagent as well as GM-CSF
and IL-4. They were harvested and 10,000 viable cells were co-cultured
with 1.0  105 of allogeneic CD3þ T cells for 96 h without these re-
agents. The incorporation of 3H-thymidine was measured using a liquid
scintillation counter. Data are shown as the meanþSD from triplicate
cultures. Representative data from three independent experiments are
shown (po0.05).
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Figure 8
Effect of various concentration of p38 MAPK inhibitor on both apoptosis and maturation of MoDC. MoDC were prepared and pre-incubated
with SB203580-hydrochloride (3–100 mM) for 1 h before UVB treatment. They were then irradiated or not with 100 J per m2 of UVB and were
subsequently cultured in the presence of these agents with various concentrations. A, After 18 h of the culture, MoDC were stained with FITC-
conjugated annexin V as well as PI and analyzed by flow cytometry. Numbers in each quadrant represent cell percentages. B, After 42 h of culture,
MoDC were stained with FITC-conjugated anti-HLA-DR and PE-conjugated anti-CD86 and analyzed by flow cytometry. PI-positive dead cells were
electronically excluded from the profiles. Numbers in each profile represent the mean fluorescence intensities. Results are representative of three
independent experiments. The dose ranges of UVB demonstrating maximal upregulation of CD86 and HLA-DR antigens varied between 100 and
200 J per m2 depending on the volunteer as in Fig 1 (data not shown).
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signals, respectively, may determine whether the outcome
is towards maturation or apoptosis.
Unexpectedly, MoDC undergoing apoptosis by high doses
of UVB were also found to upregulate their expression of
HLA-DR antigen, whereas they could not augment the ex-
pression of CD86. Rattis et al (1998) also found that UVB
suppressed CD86 expression by LC, whereas it augmented
their expression of HLA-DR antigen. Since T cell stimulation
by the antigenic peptide on MHC class II molecules in the
absence of co-stimulatory molecules such as CD86 is
known to result in clonal anergy (Schwartz, 1990; Gimmi
et al, 1993; Koenen and Joosten, 2000), these MoDC with
suppressed CD86 and augmented HLA-DR antigen might
be responsible for the induction of the antigen-specific un-
responsiveness that is observed in vivo when the antigen is
applied on UVB-irradiated human skin (Cooper et al, 1992).
In summary, we observed the phenotypical and func-
tional maturation of MoDC after a moderate dose of UVB.
The activation of MoDC was elicited by critical doses of
UVB that were slightly lower than those that induced apo-
ptotic processes. Although several MAPK cascades were
activated after UVB irradiaton, among them, p38 MAPK was
responsible for the phenomena. These observations also
suggest the complexity of the intracellular events after UVB
irradiation. Further examinations are necessary to unravel
the effects of UVB on the skin immune system.
Materials and Methods
Preparation of MoDC The following experiments were approved
by the ethics committee of the Tohoku University Graduate School
of Medicine, and all the subjects gave informed consent before the
examinations. The preparation of MoDC from human volunteers
(24 donors, aged from 23 to 42 y) was as previously described
(Manome et al, 1999). Briefly, peripheral blood mononuclear cells
(PBMC) were isolated from peripheral blood samples by centri-
fugation over Lymphoprep (Axis-Shield, Oslo, Norway). CD14þ
cells were prepared by positive sorting with anti-CD14-coupled
microbeads using positive sorting columns of a MACS apparatus
according to the manufacturer’s instructions (Miltenyi Biotech,
Sunnyvale, California). CD14þ cells were cultured at a concentra-
tion of 2  106 cells per mL in RPMI 1640 medium including 25 mM
HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, and 10% fetal
calf serum (Hyclone, South Logan, Utah) (complete medium) sup-
plemented with 100 ng per mL human GM-CSF (a gift from Kirin
Brewery Co., Tokyo, Japan) and 100 ng per mL human IL-4 (Pepro
Tech Co., London, UK) for 6 d to generate MoDC. The obtained
MoDC were phenotypically o1% CD3þ , o5% CD14þ , and
480% CD1aþ . For the positive control of the maturation of MoDC,
10 ng per mL of LPS (Difco, Detroit, Michigan) were added to the
subsequent culture for 42 h.
UVB irradiation After 6 d of culture of the CD14þ cells, the MoDC
were collected, washed and floated in 2 mL of phosphate-buffered
saline (PBS) plus 1% FCS on a 60-mm petri dish. They were ex-
posed to various doses of UVB using FL20SE lamps (Toshiba Light
and Technology, Tokyo, Japan) emitting wavelength of 275–400
nm, with an emission peak at 315 nm (mostly within UVB) for var-
ious times at an intensity of 2.5 W per m2 of the target area.
Pre-treatment of MoDC with MAP-kinase inhibitors We used
the pyridinyl imidazole compound SB203580 (Calbiochem, La
Jolla, California) as a p38 MAPK-specific inhibitor, and PD98059
(Biomol, Plymouth, Pennsylvania) as a MAP-kinase kinase-1
(MKK1/MEK) inhibitor to study the activation of the downstream
ERK1/2. As these inhibitors are not soluble in PBS, they were first
dissolved in DMSO at 30 mM and then diluted with PBS to reach
the final concentrations of 3–30 mM. DMSO diluted to the same
concentration was used as a control. In some experiments, we also
used a water-soluble equivalent of SB203580, SB203580-hydro-
chloride (Calbiochem), which produced similar results. Each of
them was added to the culture 1 h before UVB irradiation. The
UVB-irradiated cells were washed and cultured in complete me-
dium for another 18 or 42 h in the presence of each reagent and the
combination of GM-CSF and IL-4.
Flow cytometry The UVB-irradiated cells were stained with the
following monoclonal antibodies: fluorescein isothiocynate (FITC)-
conjugated anti-CD40 Ab (PharMingen, San Diego, California),
anti-CD54 Ab (Ancell, Bayport, Minnesota), anti-CD86 Ab (Phar-
Mingen), anti-HLA-DR Ab (Becton-Dickinson, San Jose, California);
phycoerythrin (PE)-conjugated anti-CD80 Ab (Becton-Dickinson),
anti-CD83 Ab (Immunotech, Marseille, France), anti-CD86 Ab
(PharMingen), and anti-HLA-DR Ab (Becton-Dickinson) as well as
isotype IgG1 and IgG2a controls. After washing with the buffer (PBS
plus 1% FCS and 0.02% NaN3), they were analyzed by FACSan
using CELLQUEST software (Becton-Dickinson). Dead cells were
excluded after staining with 0.5 mg per mL PI solution. The method
for annexin V binding assay was previously described (Nakagawa
et al, 1999). The annexin V-positive cells that were PI-negative
were determined to be apoptotic.
RNA isolation and real-time RT-PCR analysis After 4 h of UVB
irradiation, MoDC were harvested and lysed in 0.5 mL ISOGEN
reagent (Nippon gene Inc., Toyama, Japan) and RNA was isolated
according to the manufacturer’s protocol. The reverse transcription
of the isolated RNA and the production of cDNA have been de-
scribed previously (Manome et al, 1999). To quantify the starting
amounts of nucleic acid accurately, real-time RT-PCR (Higuchi
Figure 9
Differential regulation of CD86 and HLA-DR
molecules during UVB-induced apoptosis of
MoDC. MoDC were irradiated with various dos-
es of UVB and were cultured with for 18 h. They
were harvested and stained with either PE-labe-
led anti-CD86 or PE-labeled anti-HLA-DR. Cells
were washed and then incubated with FITC-
conjugated annexin V in a buffer with an optimal
Ca2þ concentration. PI was added to each sam-
ple just before analysis for flow cytometry, and
PI-positive dead cells were electronically ex-
cluded from the profiles. Results are represent-
ative of three independent experiments.
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et al, 1993) was performed according to the manufacturer’s pro-
tocol (iCycler iQ, Bio-Rad, Hercules, California) using the appro-
priate primers as follows: IL-1b, forward 5’-GAG GAT GAC TTG
TTC TTT GAA GCT G-30, reverse 50-AGA GGG CAG AGG TCC
AGG TC-30; IL-6 forward 50-GGT ACA TCC TCG ACG GCA TC-30,
reverse 50-GCC TCT TTG CTG CTT TCA CAC-30; IL-8 forward 50-
GTG TGT AAA CAT GAC TTC CAA GCT G-30, reverse 50-TCT TTA
GCA CTC CTT GGC AAA AC-30; IL-10 forward 50-GGG AGA ACC
TGA AGA CCC TCA-30, reverse 50-TGC TCT TGT TTT CAC AGG
GAA G-30; IL-12p40 forward 50-CCA GAG CAG TGA GGT CTT AGG
C-30, reverse 50-GGC CAG CAT CTC CAA ACT CTT-30; TNF-a for-
ward 50-TCT CTA ATC AGC CCT CTG GCC CAG G-30, reverse
50-TAC AAC ATG GGC TAC AGG CTT GTC AC-30; CD86 forward
50-ACA TTC TCT TTG TGA TGG CCT TC-30, reverse 50-CTG CAG
TCT CAT TGA AAT AAG CTT G-30; GAPDH forward 50-GAA GGT
GAA GGT CGG AGT C-30, reverse 50-GAA GAT GGT GAT GGG ATT
TC-30.
The detection of the amount of the amplified PCR products in
each PCR cycle was done by a fluorescent TaqMan assay (Holland
et al, 1991) with the appropriate fluorescent probes as follows
according to the manufacturer’s protocol.
Probes 50(FAM490-labeled)–30(tetramethylrhodamine-labeled):
IL-1b 50-TGG CCC TAA ACA GAT GAA GTG CTC CTT CC-30; IL-6
50-CAG CCC TGA GAA AGG AGA CAT GTA ACA AGA-30; IL-8 50-
TGA TTT CTG CAG CTC TGT GTC AAG GTG C-30; IL-10 50-CTG
AGG CTA CGG CGC TGT CAT CGA T-30; IL-12p40 50-CTG GCA
AAA CCC TGA CCA TCC AAG TC-30; TNF-a 50-AGT CAG ATC ATC
TTC TCG AAC CC-30; CD86 50-TGC TCT CTG GTG CTG CTC CTC
TGA AGA T-30; GAPDH 50-TGG CAA ATT CCA TGG CAC CGT CA-30.
ELISA After 42 h of UVB irradiation, the culture cell supernatants
were stored at 701C until use. The concentrations of the cyto-
kines were measured by ELISA (Genzyme Techne, Minneapolis,
Minnesota) according to the manufacturer’s protocols. When nec-
essary, the samples were diluted appropriately to fit within the
range of the standards included in the ELISA kits.
Western-blot analysis MoDC were exposed to UVB in the pres-
ence or absence of the MAPK inhibitors and incubated for 15 min
as above. The cells were collected in a 15 mL tube, washed and
resuspended in 500 mL of Cell Lysis Buffer (Cell Signaling Tech-
nology, Bevery, Massachusetts). They were then sonicated and the
total volume was transferred into Eppendorf tubes and centrifuged
at 12,000 g for 15 min at 41C. The supernatants that contained cell
proteins were stored at 701C until use. Aliquots of the protein
were electrophoresed and transferred onto nitrocellulose mem-
brane, which was probed with anti-MAPK or anti-phosphorylated
MAPK Ab. Positive signals were detected by chemiluminescence
according to the manufacturer’s protocol (PhosphoPlus p38, p42/
44, JNK, MAP Kinase Antibody Kit, Cell Signaling Technology).
Functional analysis of MoDC by allogeneic mixed DC-lymph-
ocyte reaction MoDC were exposed to various doses of UVB and
cultured overnight. They were then harvested and the number of
viable DC was counted by the trypan blue dye-exclusion method.
CD3þ T cells were prepared from CD14-depleted PBMC by neg-
ative selection using a MACS Pan T Cell Isolation Kit (Miltenyi
Biotech) according to the manufacturer’s instructions. Graded
numbers (1000–10,000 cells) of the irradiated MoDC were cultured
in 96-flat bottom wells with 1.0  105 of CD3þ allogeneic T cells
for 96 h in complete medium. The incorporation of 3H-thymidine,
which was present for the final 18 h of culture, was measured using
a liquid scintillation counter (Wallac, Turku, Finland). In experiments
using MAPK inhibitors, 10 mM of SB203580 or 30 mM of PD98059
were added to MoDC culture 1 h before UVB irradiation, and the
UVB-irradiated cells were washed and cultured in complete
medium for another 18 or 42 h in the presence of each reagent
and the combination of GM-CSF and IL-4. They were then used for
the functional analysis described above. Data are shown as the
meanþSD from triplicate cultures.
Statistical analysis For a single comparison of two groups, Stu-
dent’s t test was used. The level of significance was set at p¼ 0.05.
All statistical calculations were performed using StatView software
(Abacus Concepts, Inc., California).
DOI: 10.1111/j.0022-202X.2004.23238.x
Manuscript received December 27, 2003; revised March 18, 2004; ac-
cepted April 15, 2004
Address correspondence to: Setsuya Aiba, MD, PhD, Department of
Dermatology, Tohoku University Graduate school of Medicine, Seiryo-
machi 1-1, Aoba-ku, 980-8574 Sendai, Japan. Email: aiba@mail.tains.
tohoku.ac.jp
Funding sources: This research was partially supported by a Grant no.
13670863 from the Ministry of Education, Science and Culture of Ja-
pan, and Lydia O’leary Memorial Foundation (Tokyo, Japan).
Reference
Aiba S, Manome H, Nakagawa S, et al: p38 mitogen-activated protein kinase and
extracellular signal-related kinases play distinct roles in the activation of
dendritic cells by two representative haptens, NiCl2 and 2,4-dinitrochloro-
benzene. J Invest Dermatol 120:390–399, 2003
Arbabi S, Maier RV: Mitogen-activated protein kinases. Crit Care Med 30:
S74–S79, 2002
Ardeshna KM, Pizzey AR, Devereux S, Khwaja A: The PI3 kinase, p38 SAP kin-
ase, and NF-kappaB signal transduction pathways are involved in the
survival and maturation of lipopolysaccharide-stimulated human mon-
ocyte-derived dendritic cells. Blood 96:1039–1046, 2000
Arrighi JF, Rebsamen M, Rousset F, Kindler V, Hauser C: A critical role for p38
mitogen-activated protein kinase in the maturation of human blood-de-
rived dendritic cells induced by lipopolysaccharide, TNF-alpha, and con-
tact sensitizers. J Immunol 166:3837–3845, 2001
Bulavin DV, Saito S, Hollander MC, Sakaguchi K, Anderson CW, Appella E,
Fornace AJ Jr: Phosphorylation of human p53 by p38 kinase coordinates
N-terminal phosphorylation and apoptosis in response to UV radiation.
EMBO J 18:6845–6854, 1999
Chen W, Tang Q, Gonzales MS, Bowden GT: Role of p38 MAP kinases and ERK in
mediating ultraviolet-B induced cyclooxygenase-2 gene expression in
human keratinocytes. Oncogene 20:3921–3926, 2001
Cooper KD, Oberhelman L, Hamilton TA, et al: UV exposure reduces immuni-
zation rates and promotes tolerance to epicutaneous antigens in humans:
Relationship to dose, CD1a-DRþ epidermal macrophage induction, and
Langerhans cell depletion. Proc Natl Acad Sci USA 89:8497–8501, 1992
Geissmann F, Prost C, Monnet J-P, Dy M, Brousse N, Hermine O: Transforming
growth factor b1, in the presence of granulocyte/macrophage colony-
stimulating factor and interleukin 4, induces differentiation of human pe-
ripheral blood monocytes into dendritic Langerhans cells. J Exp Med
187:961–966, 1998
Geissmann F, Revy P, Regnault A, et al: TGF-b1 prevents the noncognate mat-
uration of human dendritic Langerhans cells. J Immunol 162:4567–4575,
1999
Gimmi CD, Freeman GJ, Gribben JG, Gray G, Nadler LM: Human T-cell clonal
anergy is induced by antigen presentation in the absence of B7 costim-
ulation. Proc Natl Acad Sci 90:6586–6590, 1993
Grassi F, Dezutter-Dambuyant C, Mcllroy D, et al: Monocyte-derived dendritic
cells have a phenotype comparable to that of dermal dendritic cells and
display ultrastructural granules distinct from Birbeck granules. J Leukoc
Biol 64:484–493, 1998
Higuchi R, Fockler C, Dollinger G, Watson R: Kinetic PCR analysis: Real-time mon-
itoring of DNA amplification reactions. Biotechnology (NY) 11:1026–1030,
1993
Holland PM, Abramson RD, Watson R, Gelfand DH: Detection of specific po-
lymerase chain reaction product by utilizing the 50–30 exonuclease activity
of Thermus aquaticus DNA polymerase. Proc Natl Acad Sci USA
88:7276–7280, 1991
Huang C, Ma WY, Maxiner A, Sun Y, Dong Z: p38 kinase mediates UV-induced
phosphorylation of p53 protein at serine 389. J Biol Chem 274:12229–12235,
1999
Keller D, Zeng X, Li X, et al: The p38MAPK inhibitor SB203580 alleviates ultra-
violet-induced phosphorylation at serine 389 but not serine 15 and ac-
tivation of p53. Biochem Biophys Res Commun 261:464–471, 1999
INVOLVEMENT OF p38-MAPK IN UVB-INDUCED MATURATION AND APOPTOSIS OF MoDC 369123 : 2 AUGUST 2004
Kelly DA, Young AR, McGregor JM, Seed PT, Potten CS, Walker SL: Sensitivity to
sunburn is associated with susceptibility to ultraviolet radiation-induced
suppression of cutaneous cell-mediated immunity. J Exp Med 191:
561–566, 2000
Koenen HJPM, Joosten I: Blockade of CD86 and CD40 induces alloantigen-
specific immunoregulatory T cells that remain anergic after reversal of
hyporesponsiveness. Blood 95:3153–3161, 2000
Laihia JK, Jansen CT: Up-regulation of human epidermal Langerhans’ cell B7-1
and B7-2 co- stimulatory molecules in vivo by solar-simulating irradiation.
Eur J Immunol 27:984–989, 1997
Manome H, Aiba S, Tagami H: Simple chemicals can induce maturation and
apoptosis of dendritic cells. Immunology 98:481–490, 1999
Meunier L: Ultraviolet and dendritic cells. Eur J Dermatol 9:269–275, 1999
Morison WL: Effects of ultraviolet radiation on the immune system in humans.
Photochem Photobiol 50:515–524, 1989
Nakagawa S, Koomen CW, Bos JD, Teunissen MB: Differential modulation of
human epidermal Langerhans cell maturation by ultraviolet B radiation.
J Immunol 163:5192–5200, 1999
Nicolo C, Tomassini B, Rippo MR, Testi R: UVB-induced apoptosis of human
dendritic cells: Contribution by caspase-dependent and caspase-inde-
pendent pathways. Blood 97:1803–1808, 2001
Peus D, Vasa RA, Beyerle A, Meves A, Krautmacher C, Pittelkow MR: UVB
activates ERK1/2 and p38 signaling pathways via reactive oxygen spe-
cies in cultured keratinocytes. J Invest Dermatol 112:751–756, 1999
Pfundt R, van Vlijmen-Willems I, Bergers M, Wingens M, Cloin W, Schalkwijk J:
In situ demonstration of phosphorylated c-jun and p38 MAP kinase in
epidermal keratinocytes following ultraviolet B irradiation of human skin.
J Pathol 193:248–255, 2001
Puig-Kroger A, Relloso M, Fernandez-Capetillo O, Zubiaga A, Silva A, Bernabeu
C, Corbi AL: Extracellular signal-regulated protein kinase signaling
pathway negatively regulates the phenotype and functional matura-
tion of monocyte-derived human dendritic cells. Blood 98:2175–2182,
2001
Rattis FM, Concha M, Dalbiez-Gauthier C, Courtellemont P, Schmitt D, Peguet-
Navarro J: Effects of ultraviolet B radiation on human Langerhans cells:
Functional alteration of CD86 upregulation and induction of apoptotic cell
death. J Invest Dermatol 111:373–379, 1998
Robinson MJ, Cobb MH: Mitogen-activated protein kinase pathways. Curr Opin
Cell Biol 9:180–186, 1997
Sato K, Nagayama H, Tadokoro K, Juji T, Takahashi TA: Extracellular signal-
regulated kinase, stress-activated protein kinase/c-Jun N-terminal kin-
ase, and p38mapk are involved in IL-10- mediated selective repression of
TNF-alpha-induced activation and maturation of human peripheral blood
monocyte-derived dendritic cells. J Immunol 162:3865–3872, 1999
Schwartz RD: A cell culture model for T lymphocyte clonal anergy. Science
248:1349–1356, 1990
She Q-B, Chen N, Dong Z: ERKs and p38 kinase phosphorylate p53 protein at
serine 15 in response to UV radiation. J Biol Chem 275:20444–20449,
2000
She Q-B, Ma W-Y, Dong Z: Role of MAP kinases in UVB-induced phosphorylation
of p53 at serine 20. Oncogene 21:1580–1589, 2002
Shimizu H, Banno Y, Sumi N, Naganawa T, Kitajima Y, Nozawa Y: Activation of
p38 mitogen-activated protein kinase and caspases in UVB-induced
apoptosis of human keratinocyte HaCaT cells. J Invest Dermatol 112:
769–774, 1999
Strobl H, Riedl E, Scheinecker C, et al: TGF-b1 promotes in vitro development
of dendritic cells from CD34þ hemopoietic progenitors. J Immunol 157:
1499–1507, 1996
Tada A, Pereira E, Beitner-Johnson D, Kavanagh R, Abdel-Malek ZA: Mitogen-
and ultraviolet-B-induced signaling pathways in normal human me-
lanocytes. J Invest Dermatol 118:316–322, 2002
Takashima A, Bergstresser PR: Impact of UVB radiation on the epidermal
cytokine network. Photochem Photobiol 63:397–400, 1996
Vink AA, Strickland FM, Bucana C, Cox PA, Roza L, Yarosh DB, Kripke ML:
Localization of DNA damage and its role in altered antigen-presenting cell
function in ultraviolet-irradiated mice. J Exp Med 183:1491–1150, 1996
Weiss JM, Renkl AC, Denfeld RW, de Roche R, Spitzlei M, Schopf E, Simon JC:
Low-dose UVB radiation perturbs the functional expression of B7.1
and B7.2 co-stimulatory molecules on human Langerhans cells. Eur J
Immunol 25:2858–2862, 1995
370 NAKAGAWA ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
